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Abstract
We derive constraints on the mixing of heavy right-handed neutrinos with the SM fields in the
most general Seesaw scenario where the heavy neutrinos are integrated out. Among the electroweak
and flavour observables included in the global fit, µ → eγ sets the present strongest bound on
the additional neutrino mixing, while in the future it will be dominated by µ − e conversion
in nuclei. Increasing its sensitivity in future experiments could probe Non-Unitarity in Lepton
Flavour Violating processes. Nevertheless, in order to determine completely model-independent
constraints, we provide a second set of bounds derived through a global fit that does not include
LFV observables. These indirect constraints on the off-diagonal elements come from the diagonal
bounds through the Schwarz inequality.
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I. INTRODUCTION
It is well known that neutrino masses are one of the most promising open windows
to physics beyond the Standard Model (SM). Simply by adding extra heavy right-handed
neutrinos to the SM particle content, neutrino masses arise in a simple and natural way in
the so called Type-I Seesaw [1–4]. The aim of our work [5] is constraining the additional
neutrino mixing by using a set of electroweak (EW) and flavour observables. For some other
recent works on this topic see references [6–8].
Once the new heavy states that we have added are integrated out, the SM-Seesaw theory that
remains, and which is valid till a given energy scale Λ, can be considered as a low energy
effective theory where the new phenomenology is encoded in a set of effective operators.
The first one is the dim-5 Weinberg operator [9] that after EW symmetry breaking (EWSB)
generates the masses of the light neutrinos mˆ:
cdim-5αβ
Λ
(
Lcαφ˜
∗
)(
φ˜†Lβ
)
EWSB−−−→ mˆ = mtDM−1N mD (1)
where φ denotes the SM Higgs field and MN is the Majorana mass allowed for the right-
handed neutrinos by the SM Gauge symmetry. Notice that since this operator violates
Lepton number symmetry (L) by two units, light neutrino masses violate this accidental
symmetry of the SM.
At dim-6 the only [10] operator that appears at three level is:
cdim-6αβ
Λ2
(
Lαφ˜
)
iγµ∂µ
(
φ˜†Lβ
)
EWSB−−−→ η = 1
2
m†DM
−2
N mD (2)
which conserves L, and which after EWSB generates non-canonical kinetic terms among the
active neutrinos of the SM. Then, after diagonalizing and normalizing the operator to bring
the kinetic terms to its canonical form, it induces Non-Unitarity in the mixing matrix that
appears in lepton charged current interactions. As a result, the Pontecorvo-Maki-Nakagawa-
Sakata mixing matrix UPMNS is not going to be unitary and to stress that we call it N . The
deviations of N from unitarity are given by the η mixing matrix in the following way:
N = (I − η)UPMNS (3)
where η is related with the active-heavy neutrino mixing Θ as follows:
η =
1
2
ΘΘ† where Θ = mDM−1N . (4)
Since η is Hermitian, Eq. 3 represents the most general parametrization [11] for N .
If the smallness of mˆ (light neutrino masses) comes only from the suppression of the
new heavy scale MN , the mixing η is going to be much more suppressed since it has two
powers of the same heavy scale (compare Eq. 1 and Eq. 2). Thus experimental verifica-
tion turns extremely challenging. Alternatively, the smallness of light neutrino masses may
naturally stem from an underlying approximate symmetry [12–17] of the theory instead of
a huge hierarchy of masses. Since dim-5 operator violates L if we impose an approximate
Lepton number symmetry to the model, the operator becomes suppressed and as a result
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light neutrino masses become small. What is more, since dim-6 operator conserves L and
remains unsuppressed, the mixing can be arbitrarily large. This is known in the literature
as Inverse[12, 13]/Linear [18] Seesaw models. In particular, the only [19, 20] Dirac and
Majorana mass matrices that leads to an underlying L symmetry are:
mD =
vEW√
2
 YNe YNµ YNτ1Y ′Ne 1Y ′Nµ 1Y ′Nτ
2Y
′′
Ne 2Y
′′
Nµ 2Y
′′
Nτ
 and MN =
 µ1 Λ µ3Λ µ2 µ4
µ3 µ4 Λ
′
 , (5)
with i and µj small /L parameters. By setting all i = 0 and µj = 0, L symmetry is indeed
recovered with the following L assignments Le = Lµ = Lτ = L1 = −L2 = 1 and L3 = 0.
As a result mˆ = 0 (3 massless neutrinos in the L-conserving limit) but an arbitrarily large
mixing η are obtained. Upon switching on the L-violating parameters in Eq. (5), we end up
with a small masses for the light neutrinos while the mixings are still arbitrarily large. In this
work we derive the bounds on a completely general Seesaw (G-SS) model where the SM is
extended by an arbitrary number of right-handed neutrinos, all of them are heavier than
ΛEW. The mixing matrix N is parametrized by the 3 × 3 η Hermitian matrix via Eq. (3).
Thus the Non-Unitarity of the PMNS matrix is given by 6 free elements. However, by using
the Schwarz inequality:
ηαβ ≤ √ηααηββ (6)
we can already set indirect constraints on the off-diagonal entries of the mixing matrix.
II. LIST OF OBSERVABLES
In this section I will briefly introduce the set of 28 EW and flavour observables we have
used to constrain the additional neutrino mixing. The full expressions of the observables in
terms of the Non-Unitarity parameters, α, Gµ (GF measured in the µ decay) and MZ are
given in the original paper [5]. The set of observables we have included in the global fit is:
• The W boson mass MW
• The effective weak mixing angle θW: s2 lepW eff and s2 hadW eff
• Four ratios of Z fermionic decays: Rl, Rc, Rb and σ0had
• The invisible width of the Z Γinv
• Ratios of weak decays constraining EW universality: Rpiµe, Rpiτµ, RWµe, RWτµ, RKµe, RKτµ,
Rlµe and R
l
τµ
• 9 weak decays constraining the CKM unitarity
• 3 radiative LFV decays: µ→ eγ, τ → µγ and τ → eγ
We have studied in detail the Lepton Flavour Violating (LFV) decays which constraint the
off-diagonal elements of the η matrix. Since these processes become unsuppressed by the loss
of the GIM cancellation we consider them worth investigating. A comparison summarizing
the present relative importance of these observables constraining the off-diagonal elements
of η (solid lines) is presented in Fig. 1. As can be seen, the radiative decay µ→ eγ presently
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FIG. 1: 90% CL constraints on ηeµ from LFV observables. Solid lines represent current experimen-
tal bounds while dotted lines represent future sensitivities. The red-shadowed region represents
the non-perturbative region with |YN |2 > 6pi.
dominates. However, regarding future expectations (dotted lines), the constraints on |ηeµ|
will be dominated by µ→ eee or µ− e conversion in nuclei rather than by µ→ eγ. On the
other hand, the present and future sensitivity to |ηeτ | and |ηµτ | is completely dominated by
the radiative decays lα → lβγ. In particular, the constraints on |ηαβ| from the LFV decays
of the Z and Higgs bosons, Z → lαlβ and h → lαlβ, are at least one or three orders of
magnitude weaker than the bounds from radiative decays respectively. For these reasons,
the three radiative decays will thus be added to the global. However, since these processes
depend on the heavy Majorana scale that is running in the loops, they could be considered
as model-dependent processes. In such a way, we have performed two different global fits:
the first one with the set of 28 observables which include the LFV decays, and the second
one with just the 25 Lepton Flavour Conserving (LFC) observables that does not include
the three rare decays.
III. RESULTS OF THE GLOBAL FIT
We have performed two separate Markov chain Monte Carlo (MCMC) simulations with
the two sets of 28 and 25 observables that scan over the free parameters of the G-SS and as
a result we obtain these frequentists contours at 1σ (in red), 90% (in black) and 2σ (in blue)
showed in Figure 2. Table I summarizes the values of the Non-Unitarity parameters at 1σ and
2σ at the best fit point. These bounds are expressed in the quantity
√
2|ηαβ| =
∑
i
√
ΘαiΘ∗βi.
Thus, the diagonal elements
√
2ηαα correspond to the sum (in quadrature) of all mixings Θαi
of the individual extra heavy neutrinos Ni to a given SM flavour α and represent an upper
bound on each individual mixing. Concerning the diagonal bounds, we obtain a non-zero
value with a significance close to 2σ for
√
2ηee and
√
2ηττ while an upper bound for
√
2ηµµ.
Regarding the off-diagonal entries, the indirect bounds from LFC processes can be compared
with the direct constraints from LFV observables. Interestingly, the constraint from µ→ eγ
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FIG. 2: Frequentist confidence intervals at 1σ, 90% and 2σ on the parameter space of the G-SS.
strongly dominates over all others leading to a bound one order of magnitude better ∼ 0.005
in the e − µ entry, while the e − τ and µ − τ values are rather dominated by the indirect
constraints from the Schwarz inequality (comparison between the LFC and LFV rows).
√
2ηee
√
2ηµµ
√
2ηττ
√
2ηeµ
√
2ηeτ
√
2ηµτ
LFC
1σ 0.031+0.010−0.020 < 0.011 0.044
+0.019
−0.027 < 0.018 < 0.045 < 0.024
2σ < 0.050 < 0.021 < 0.075 < 0.026 < 0.052 < 0.035
LFV
1σ − − − < 4.1 · 10−3 < 0.107 < 0.115
2σ − − − < 4.9 · 10−3 < 0.127 < 0.137
TABLE I: Comparison of all 1 and 2σ constraints on the heavy-active neutrino mixing. For the off-
diagonal entries the indirect bounds from the LFC observables via the Schwarz inequality Eq. (6)
are compared with the direct LFV bounds and the dominant bound is highlighted in bold face.
IV. CONCLUSIONS
We have used a set of EW and flavour observables to constrain the additional neutrino
mixing of the most general Seesaw model. We have obtained a non-zero value for the Non-
Unitarity parameters ηee and ηττ with a significance close to 2σ and and upper bound for
the ηµµ element. Concerning the off-diagonal elements when the LFV decays are included
in the Global Fit ηµe is dominated by µ → eγ while ηµτ and ηeτ already get an stronger
indirect constrain from the diagonal bounds via the Schwarz inequality. As a final remark,
the updated bounds presented in the original paper[5] and collected in these pages apply to
any extension of the SM with right-handed neutrinos heavier than the EW scale.
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